Thick ceramic coatings were fabricated by microarc oxidation on 2024 aluminum alloy in a silicate solution. The phase composition and microhardness in the coatings were determined. The unlubricated tribological performance of the coatings was investigated using a SRV ball-on-disc friction and wear test system with reciprocating motion against sintered WC ball. The typical worn surfaces of the Al substrate and the ceramic coatings were observed by a scanning electron microscope. Under the same wear condition, the wear rates in different depth coatings are nearly similar. However, in a same depth of the coatings, wear rate gradually decreases with wear duration, and the lowest wear rate is less than 3.29ϫ10 Ϫ7 mm 3 /N m. During friction process, a WC transfer layer was formed on the tribo-contact area of the coatings, which takes advantage of decreasing the wear rate. The friction coefficient in a steady friction stage is about 0.52. After the Al alloy is treated by microarc oxidation, its wear resistance is improved over three orders of magnitude. The high wear resistance of the microarc oxidation coatings results from a nearly perfect distribution of a-Al 2 O 3 and g-Al 2 O 3 phases in the coating.
Introduction
Microarc oxidation (MAO) or plasma electrolyte oxidation (PEO) is a promising surface technology for hexavalent chromium replacement in anti-corrosion protection or in the inprovement of the tribological properties of valve metals such as Al, Mg, Ti and their alloys. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It distinguishes itself from conventional anodizing of light metals by applying a high potential of several hundred volts, which leads to the presence of spark discharge on the metal surface. During the oxidation, many tiny sparks move rapidly on the metal surface in the aqueous solution; the local instantaneous temperature and pressure inside these discharge channels can reach 10 3 -10 4 K and 10 2 -10 3 MPa. 11) This process combines electrochemical oxidation with a spark sintering in an electrolyte bath. The sintering effect of hightemperature and high-pressure in local plasma discharge channels enhances the growth of a hard ceramic coating on the metals. The main interest of microarc discharge treatment on the aluminum alloys is to improve their wear resistance. Earlier studies showed that the MAO coatings on the copper-contacting alloys exhibited the best comprehensive quality of low porosity and high hardness. 1, 8, 12) So it is important to study the tribological behavior of Al-Cu alloys.
In present work, the MAO coatings on 2024 Al-Cu-Mg alloy were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), microhardness measurement. Their tribological behavior under dry sliding condition was analyzed. The relation of phase composition and wear performance of the coatings was discussed.
Experimental Methods
Disc samples of 2024 Al-Cu-Mg alloy with a diameter of 24 mm and thickness of 7.8 mm were used as the substrate for alumina coating deposition; the nominal composition of this alloy is 3.8-4.9% Cu, 1.2-1.8% Mg, 0.30-0.90 % Mn and Al balance. They were polished with emery paper, cleaned with a detergent and washed with distilled water before they were subjected to the oxidation process. Alumina coatings were prepared on the disc samples using a home-made 30 kW AC microarc oxidation equipment. The details of treatment configuration and coating techniques were described elsewhere.
12) The disc samples and the wall of the stainless steel container were used as the anode and cathode, respectively. The electrolyte was prepared from an aqueous solution of Na 2 SiO 3 (6-10 g/L) and KOH (1-2 g/L) to adjust the pH value. The temperature of the solution was kept below 35°C during the entire treatment procedure. A bipolar asymmetry alternating-current voltage was selected in the range of 400-600 V in the positive half cycle and Ϫ100-Ϫ200 V in the negative half cycle. The coating thickness was nondestructively measured with an eddy current technique. In this work, a thick ceramic coating of 230 mm with a rough surface was obtained on the disc samples. These discs were ground and polished to create a new group of samples with remained coating thickness of 150 mm, 120 mm and 70 mm, respectively (see Table 1 ). The phase compositions of these unpolished and polished coated samples were carried out with a DMAX-3A X-ray diffactometer working with Cu Ka radia-tion. Furthermore, one uncoated disc was also polished in order to compare the wear resistance of the aluminum substrate and the MAO coatings. These polished discs would suffer from the friction and wear test.
The wear test of the polished Al substrate and coated discs was carried out by a SRV ball-on-disc friction and wear tester with reciprocating motion against 12.5 mm sintered WC ball (Optimal, Germany). The polished disc was located in the testing chamber in a fixed specimen holder. During the wear test, a constant 1.5 mm stroke, 20 N normal load, and a 20 Hz frequency were employed. In addition, all the test runs were performed without lubrication in the laboratory air under room temperature and atmospheric pressure. The friction coefficients were calculated from the momentum automatically recorded by the SRV tester. In addition, the cross-sectional area of the wear tracks was measured by a Talysurf S-120 surface profilometer, thus the wear volume can be calculated from this cross-sectional area and stroke amplitude. Here the wear rate is referred as the volume loss under unit load and sliding distance. 13, 14) The samples under different coating depth and wear duration were labeled R1 to R6 (see Table 1 ). The morphology of wear tracks for the Al substrate and polished coatings was observed using a Hitachi X-650 scanning electronic microscope (SEM). Moreover, the microhardness profile across the coating was measured using a HX-1 Vickers hardness tester.
Experimental Results

Microstructure of the MAO Coating
A cross-sectional SEM micrograph of the coated sample with 230 mm thick on 2024 aluminum alloy is indicated in Fig. 1 . The ceramic coating contains two layers: a loose superficial layer of 60 mm and a dense layer of 170 mm; there is a good interface adhesion between the aluminum substrate and ceramic coating. The previous work 12) about the coating growth confirms that the partial coating growing towards the external surface in relation to the original surface of alloy disc mainly forms a loose layer of the coating, but that growing towards the Al substrate mainly forms a dense inner layer. Wear resistance of the MAO coating will depend on the property of the inner layer. Figure 2 depicts XRD patterns of the ceramic coatings at different depth from substrate/coating interface. There is not nearly elementary aluminum in the coating, 15) so the Al peaks in Fig. 2 are primarily from the alloy substrate. Figure 2 shows that the MAO coatings on 2024 Al alloy are mainly composed of a-Al 2 O 3 and g-Al 2 O 3 . In the spectra, reflection (113) a and (400) g with strong diffraction intensities are identified as the characteristic diffraction peaks of a-Al 2 O 3 and g-Al 2 O 3 , respectively. The outer loose layer of the coating mainly consists of g-Al 2 O 3 phase, which content is much higher than a-Al 2 O 3 (see Fig. 2(d) ). By comparing the intensity ratio of reflection (113) a to reflection (400) g at different depth of the coating, it is observed that the content of a-Al 2 O 3 phase correspondingly increases from the outer layer to the inner layer of the coating. We have suggested that this results from variation in the cooling rate of the molten alumina in the microarc discharge channel.
XRD Analyses at Different Depth of the Coating
4) The outer layer of coating contacted with the solution has a much high cooling rate to favor the formation of g-Al 2 O 3 phase during the rapid solidification of molten alumina in the discharge channel; however the lower cooling rate in the inner layer of the coating favors the a-Al 2 O 3 due to low thermal conductivity of the alumina coating. Figure 3 displays the surface profiles of wear tracks for Al alloy substrate and polished coating of 70 mm. Although the wear time of sample R6 is much longer than that of sample R1, the wear track of 2024 alloy substrate with 12.5 mm deep and 1 512.5 mm wide is much larger than that of the coated disc with 4.7958 mm deep and 507.5 mm wide. It means the wear volume loss will significantly decrease after the Al alloy is coated by microarc oxidation. On the other hand, the cross-sectional profile of wear track in Fig. 3(a) is not smooth, which implies the presence of ploughing grooves on the soft alloy substrate. As mentioned above, the 230 mm thick coatings are polished to different thicknesses for wear test. Table 1 indicates the wear rate at different coating depth and sliding time. It is found that the lowest wear rate of the MAO coating on the 2024 Al alloy against coupled WC ball is only 3.29ϫ10 Ϫ7 mm 3 /N m, which is one thousand times lower than the uncoated Al substrate. That implies that after the aluminum alloy is treated by microarc oxidation, its wear resistance may improve three orders of magnitude.
SRV Friction and Wear Test
Tribological Performance under Dry Friction
The dense layer for as-deposited coating of 230 mm thick is about 170 mm, so Table 1 actually describes the wear results of the dense layer. As shown for R2 to R4, the wear rate gradually decreases when the remained coating thickness reduces. However the difference of wear rate for sample R2 to R4 is small, which proves there is a similar wear resistance at different coating depth in the dense layer.
Wear tests of sample R4 to R6 show the effect of wear duration. At one depth of the coating, the wear rate decreases with wear duration from 2.15ϫ10 Ϫ6 mm 3 /N m to 3.29ϫ10 Ϫ7 mm 3 /N m. Because the hardness of the alumina coating is close to and even higher than the WC ball, the WC ball is also subjected to an extreme wear during the friction process. Some coupled WC materials might be transferred to cover tribo-contact area on the alumina coating (the evidence will be shown in following analysis of wear track), which generates one lubrication-like effect between the WC ball and ceramic coating and thus significantly reduces the wear rate. Therefore, the wear loss of the MAO coating is larger in the initial wear stage, however when the friction pairs reach a steady wear, the tribo-contact area of the coating and WC ball will become very smooth and the alumina coating is hardly worn again.
Evolution of Friction Coefficient
Evolution of the friction coefficient with wear time for sample R6 under dry friction condition against WC ball is depicted in Fig. 4 . As the coated disc is polished, the initial friction coefficient m is only 0.2. The wear track on the coated disc begins to appear after half minute, meanwhile the m suddenly increases to 0.85. Within 15 min of wear process, m is still high up to 0.75. In this stage, the microasperities on the WC ball surface quickly make the wear track on the coating widen and deepen. On the other hand, the ceramic grains of a-Al 2 O 3 and g-Al 2 O 3 in the coating make the WC ball worn and become more smooth at the same time, and some removed WC particles are transferred to the surface of MAO coating. However, some WC and alumina debris between the friction couples will cause the local brittle breakdown of the deformation layer on the wear track. So the m remains in a higher value in this stage. As shown in Fig. 4 , the m suddenly reduces to 0.6 at about 15 min duration, then it decreases slightly until the friction process completes. The fluctuation of the friction coefficient can be also found, which may be related to the ejection behavior of wear debris from the tribo-contact area. It is believed that there is a steady friction after 15 min, and most of WC and Al 2 O 3 debris are removed to the edge of wear track, meanwhile some severe deformed WC particles cover on the tribo-contact area of the coating. It looks like a thin WC lubricating layer, which actually generates the lubrication effect between the ball and disc. In this case, the wear loss is very small which leads to a much low wear rate under a longer test duration. That is consistent with the result in Table 1 . Totally, the m between WC ball and MAO coating on 2024 Al alloy is about 0.52 during the steady friction and wear.
Morphology of Wear Track
As shown in Fig. 5(a) , a wide wear track is formed on the 2024 Al substrate. The wear track displays lots of ploughed grooves, which is consistent with the profile in Fig. 3(a) . It shows that the micro-cutting and ploughing play an important role on Al substrate wear against WC counterpart (see Figs. 5(a) and 5(b)). Many white particles also appear in the wear track center of Al substrate. They might be aluminum oxide formed by tribo-oxidation. Figure 5 (c) shows the wear track on sample R6. The width of wear track on the MAO coating is much narrower than on the Al substrate. The reason is that the hardness of WC ball is 10 times higher than the Al substrate but similar to the MAO alumina coating.
Comparing Figs. 5(b) and 5(d), the morphology of wear track on the coated disc is quite different from that on the Al substrate. The EDX analysis identifies the black area marked by letter A in Fig. 5(d) is Al 2 O 3 . However, those grey-white particles marked by letter B contain high tungsten element, which composition besides oxygen and carbon is 49.96% Al, 3.49% Cu, 47.54% W. That confirms that a few counterpart materials in WC ball are actually transferred into the coated disc to forms a discontinuous transfer layer, which changes the real tribo-contact status and leads to the decrease of the wear rate. In addition, porous regions marked by letter C in Fig. 5(d) consist of the fine particles, and these regions result form the breakdown and removal of Al 2 O 3 and WC deformation layer (A and B regions) during the friction process. That corresponds to the small fluctuation of friction coefficient in Fig. 4. 
Microhardness Profile in the Coating
As shown in Fig. 6 , the microhardness of the MAO coating on 2024 Al alloy is higher than 1 500 HV. From the Al substrate/coating interface as zero thickness in Fig. 6 to the outer layer of the coating, the microhardness first increases sharply with the distance until it reaches a maximum value of 2 300 HV at the 40 mm depth from the interface. After reaching the maximum values, it begins to decrease gradually with distance. In the range of 25-100 mm distance from the Al/Al 2 O 3 interface, the coating hardness is higher than 2 000 HV. However, the microhardness of Al substrate near the Al/Al 2 O 3 interface is only 145 HV, which is close to the hardness of 125 HV in the substrate far from the interface.
Discussion
XRD analyses in Fig. 2 have identified that from the outer layer to the inner layer of the MAO coating on 2024 alloy, the a-Al 2 O 3 content increases gradually and g-Al 2 O 3 content decreases correspondingly. That is in agreement with the profile of hardness distribution in the coating. Further research shows that a-Al 2 O 3 phase has also a maximum content at the coating depth close to the Al/Al 2 O 3 interface. 16) It is believed that the distribution of a-Al 2 O 3 phase content determines the microhardness profile in the coating. On the other hand, the change of wear rate at different depth of coating as indicated in Table 1 also conforms to the profiles of microhardness and a-Al 2 O 3 content in the dense layer. The XRD quantitatively analyses 4, 16) confirm that both a-Al 2 O 3 and g-Al 2 O 3 contents in the dense layer on the 2024 Al alloy are higher, and their content difference is small at the different depth of dense layer. So the wear rate in some depths of dense layer have not a large difference consistent with the wear results of sample R2 to R4 in Table 1 . Alekhin 17) believes that the a-Al 2 O 3 particles with high hardness disperse uniformly in the substrate of g-Al 2 O 3 with relative low hardness. This kind of configuration seems to be similar to the a-Al 2 O 3 reinforced g-Al 2 O 3 composite and favors the improvement of wear resistance. Hence, the high content of a-Al 2 O 3 phase and its perfect distribution in the g-Al 2 O 3 substrate result in an excellent wear resistance for the microarc oxidation coating on the 2024 Al alloy.
Conclusions
(1) The ceramic coatings formed by microarc oxidation exhibit an excellent wear resistance under dry sliding condition against WC ball, and its wear rate can be reduced three orders of magnitude comparing to the uncoated alloy substrate. The high wear resistance of the MAO coating results from a nearly perfect combination of a-Al 2 O 3 and gAl 2 O 3 in the dense layer of the coating.
(2) The friction coefficient of the MAO coating against WC under dry sliding at ambient temperature is about 0.52. Under the same friction and wear conditions, the wear rate slightly decreases from the outer layer to the inner layer. However, under one same depth of the coating, the wear rate quickly decreases with the wear time, and the minimum wear rate can be below 3.29ϫ10 Ϫ7 mm 3 /N m. (3) During friction and wear process, a few WC counterpart materials are transferred to cover on the wear track of the MAO alumina coating, which takes advantage of decreasing the wear rate due to the lubrication-like effect of this WC transfer layer.
